Abstract: Monte Carlo simulations were conducted to investigate the effect of uncertain hydraulic conductivity ͑K͒ on the natural attenuation of BTEX compounds ͑benzene, toluene, ethyl benzene, and xylenes͒ through aerobic respiration, denitrification, Fe͑III͒ and sulfate reductions, and methanogenesis observed at a field site on Hill Air Force Base, Utah. First, the uncertainty in the ln K field was represented by multiple realizations of spatially correlated random fields. The simulated BTEX plumes resulting from a light nonaqueous phase liquid source were analyzed for mass distributions and the relationships among various factors such as dissolved BTEX mass, plume spreading, and depletions of electron acceptors or productions of Fe 2+ and methane. Second, additional K realizations with the same mean but different variances and correlation lengths were used to determine how the model responds to varying degrees of uncertainty in the K field. The methodology and insights are of general interest and applicable to fuel-hydrocarbon natural-attenuation sites.
Introduction
In recent years, natural attenuation has emerged as a low-cost option for remediation of hydrocarbon contaminants ͑e.g., USEPA 1997; NRC 2000; Bekins et al. 2001; Grathwohl and Lerner 2001͒ . Recent studies on the fate and transport of benzene, toluene, ethyl benzene, and xylene at field sites include Patrick ͑1986͒; Essaid et al. ͑1995͒; Schafer and Therrien ͑1995͒; Borden et al. ͑1997͒; Lu et al. ͑1999͒; Brauner and Widdowson ͑2001͒; and Barry et al. ͑2002͒ . To apply natural attenuation as a remediation strategy successfully under field conditions, we need to understand how the inherent uncertainty in the hydraulic conductivity field affects the natural attenuation process.
Several investigations have revealed the importance of aquifer heterogeneity to biodegradation of hydrocarbons. For example, Patrick ͑1986͒ conducted a natural gradient tracer experiment in the Borden aquifer in Canada using a pulse tracer solution containing dissolved benzene, toluene, and xylenes. Both aerobic biodegradation and retardation were shown to result in mass loss for all organic solutes. The availability of dissolved oxygen was determined to be a primary factor controlling the mass loss rates. Oxygen was inferred to be transported to the organic solutes by advection and dispersion from high hydraulic conductivity layers, indicating the importance of aquifer heterogeneity. Widdowson et al. ͑1987͒ also suggested that aquifer structure may play a role in biodegradation, based on the results of a two-dimensional numerical model.
MacQuarrie and Sudicky ͑1990͒ examined the migration of a biodegradable organic toluene plume emanating from a pulse source in a shallow aquifer, where natural dissolved oxygen was the only electron acceptor. The dissolved organic and oxygen distributions were demonstrated to be highly irregular in heterogeneous aquifers because of small-scale groundwater velocity variations. They studied the rate of mass loss, position, and spreading rate of the organic plume. Schafer and Kinzelbach ͑1992͒ investigated the prolongation of remediation due to aquifer heterogeneities using four case scenarios, each with one realization of hydraulic conductivities with different combinations of standard deviations and correlation lengths. Ginn et al. ͑1995͒ studied a Monod-type nonlinear biodegradation of a solute with microbial growth through an ensemble of one-dimensional stream tubes, each with randomized convective velocity. Kemblowski et al. ͑1997͒ presented a conceptual model and a field-scale model to demonstrate that the effective degradation rate of aerobic degradation depends on the cross correlation between the oxygen and hydrocarbon concentration fluctuations. James and Oldenburg ͑1997͒ investigated the uncertainty of simulated trichloroethylene ͑TCE͒ plumes resulting from parameter uncertainty and variation in the conceptual model by both linear and Monte Carlo analyses. Scholl ͑2000͒ examined the accuracy of contaminant plume-scale biodegradation rates obtained from field data by studying the effects of heterogeneity in hydraulic conductivity and intrinsic biodegradation rates.
There are few examples in the existing literature that contain a detailed stochastic analysis of multicomponent biodegradation processes at a field site. While numerous studies have shown that simulating with different ͑uniform and random͒ flow fields can lead to different contaminant behaviors, most of them examined only relatively simple scenarios that focused on, for example, a single contaminant, one degradation process ͑aerobic degradation͒, and/or a limited amount of contaminant release in a very short time frame. In contrast, current bioremediation field practice usually involves multiple contaminants, multiple complex degradation processes, and/or long-lasting sources. There is still a great gap between physical transport modeling and reactive transport modeling in the current stochastic studies ͑Zhang 2002͒.
To quantify the uncertainty about aquifer heterogeneity, there are two approaches that can be taken with the simulated hydraulic conductivity realizations. One is to check each one and accept it only if the discrepancy error for simulated and observed heads or concentrations were within some specified threshold. Such a threshold, however, may be poorly defined or arbitrary. The other approach is to utilize all realizations of hydraulic conductivity assuming that the variability in the transport results from the Monte Carlo simulations falls within the uncertainty associated with the calibrated flow and transport model. Such an approach is only concerned with the ensemble statistics rather than any particular realization. In this study, the latter approach is used.
This study addresses the influence of uncertain hydraulic conductivity ͑K͒ on natural attenuation, based on the model results of fate and transport of BTEX at a field site on the Hill Air Force Base ͑AFB͒, Utah. The multispecies reactive transport model developed and calibrated in a previous study ͑Lu et al. 1999͒ provides the basis for the current study. In the first analysis ͑base case͒, the statistics of simulated BTEX plumes for a group of K realizations with the same mean, variance, and correlation length are analyzed for the relationship among various factors. In the second analysis ͑general case͒, the impact of uncertainty in the K field on the results of multispecies reactive transport modeling is evaluated by considering multiple realizations of the K field with the same mean as for the base case but under different variances and correlation lengths. The variation in the simulation results provides an effective measure of how aquifer heterogeneity and associated uncertainties affect the fate and transport simulations of BTEX compounds.
Study Site
The Hill AFB is located on a bench formed by fluvial-deltaic basin fill deposits of the ancient Weber River, on the southeast edge of the Great Salt Lake Basin. The study site is a petroleum, oil, and lubricant ͑POL͒ facility in the southwestern corner of the base ͑Fig. 1͒. The unconfined aquifer beneath this site consists of poorly to moderately sorted, silty fine-grained sands that coarsen into moderately sorted medium-to-coarse-grained sands at higher depths. These sands range in thickness from approximately 3 to 22 ft ͑0.9 to 6.7 m͒ ͑1 m = 3,937/ 1,200 ft͒ with the shallow saturated zone occurring within these sands. The shallow saturated zone is typically less than 3 ft ͑0.9 m͒ thick. Overlying the sands is a clayey silt to silty clay interval, ranging in thickness from approximately 4 to 15 ft ͑1.2 to 4.6 m͒. Underlying the sandy layer is a sequence of thinly interbedded clay to silty-clay and fine-grained sand and silt, which appears to act as a barrier to the vertical migration of flow and contaminants ͑Fig. 2͒. The measured hydraulic conductivity of the medium-to-coarse-grained sands in the shallow saturated zones ranges from 0.43 to 53 ft/ day ͑0.13 to 16 m / day͒ with an average value of 19 ft/ day ͑5.8 m / day͒, based on 11 measurements from five At the POL facility, a 1,000 gallon ͑3.8 m 3 ͒ underground storage tank ͑UST 870͒ was used to store condensed and offspecification jet fuel JP-4. The tank was excavated and removed in May 1991, and upgraded with a new double-walled steel UST serving the same purpose. Soil and groundwater at the site were found to be contaminated during removal of UST 870. Some mobile, light nonaqueous phase liquid ͑LNAPL͒ was present in several monitoring wells and piezometers at the site. The areal extent of the mobile LNAPL contamination was approximately 225,000 sq ft ͑20,903 m 2 ͒. A review by Lu et al. ͑1999͒ of available data for 20 field monitoring campaigns between August 1992 and April 1994 revealed that LNAPL at this site seemed to follow a distinct cyclic pattern; its areal extent was smaller from May to December than from January to April. This changing pattern might be the result of the interaction between clayey silt and silty clay lenses at the site, and of seasonal recharge events. In the flow field, a lower hydraulic gradient occurred in the lower ͑northwestern͒ side around borehole CPT 33 ͑Fig. 1͒, which resulted from a generally higher elevation in that local area of the aquifer ͑Lu et al. 1999͒. This caused lateral spreading of the plumes to the upper ͑southeastern͒ side of the flow field, as described in a subsequent section.
Reactive Transport Model
Lu et al. ͑1999͒ developed a reactive transport model to simulate natural attenuation of BTEX compounds at the POL site on the Hill AFB based on the following set of governing transport equations:
where R = retardation factor for various species, r BTEX = BTEX mass loss term, r EA = degradation rate term for a specific electron accepting process, D ij = dispersion coefficient tensor, v i = groundwater seepage velocity, q s = fluid sink/source term, = porosity, and EA= electron acceptor ͑i.e., O 2 , NO 3 − , Fe 3+ , SO 4 −2 , or CO 2 ͒. The concentrations of various species are represented by a square bracket around an appropriate notation for the respective species.
A kinetic model was used by Lu et al. ͑1999͒ to describe hydrocarbon biodegradation as an oxidation-reduction process in which the hydrocarbon ͑BTEX͒ is oxidized and electron acceptors are reduced sequentially. In the sequential degradation of fuel hydrocarbon under aerobic, denitrifying, iron-reducing, sulfate-reducing, and methanogenic conditions, the kinetics of hydrocarbon decay were assumed to be first order ͑Monod-type͒ with respect to the hydrocarbon concentration. This can be expressed as r BTEX,SO 4
where r BTEX,O 2 = hydrocarbon ͓BTEX͔ mass loss rate ͓ML −3 T −1 ͔ utilizing oxygen, r BTEX,NO 3 − = BTEX mass loss rate utilizing nitrate, r BTEX,Fe 3+ = BTEX mass loss rate utilizing Fe 3+ ͑or producing Fe 2+ ͒, r BTEX,SO 4 −2 = BTEX mass loss rate utilizing sulfate, r BTEX,CH 4 = BTEX mass loss rate via methanogenesis, ͓O 2 ͔ = oxygen concentration ͓ML −3 ͔, k O 2 = first-order ͓Monod-type͔ degradation rate constant for hydrocarbon utilizing oxygen as the electron acceptor
͔; similar nomenclature is used for other species.
In Eq. ͑1͒, the total rate of hydrocarbon ͑BTEX͒ transformation via destruction processes, r BTEX , can be represented as 
͑1999͒.
The BTEX can be lost through the volatilization of BTEX from groundwater into soil gas. The loss of BTEX through volatilization is assumed to be negligible in the model. Volatilization of BTEX compounds from groundwater is a relatively slow process in the interest of being conservative because of the small surface area of the groundwater flow system exposed to soil gas. Chiang et al. ͑1989͒ demonstrated that less than 5% of the mass of dissolved BTEX is lost to volatilization in the saturated ground water environment. The factors that hinder the volatilization include the downward groundwater gradient in the vicinity of the water table ͑Rivett 1995͒ and slow process of vapor transport across the capillary fringe ͑McCarthy and Johnson 1992͒.
Because of this, the impact of volatilization on dissolved contaminant reduction can generally be assumed to be negligible ͑Wiede-meier et al. 1999͒.
BTEX compounds comprise the majority of the dissolved organic mass in equilibrium with water in fuel hydrocarbon field sites. Studies of the BTEX solubility show that BTEX dominated the aqueous phase of the total dissolved mass from the JP-4 fuel, although it represents only a small fraction of the light nonaqueous phase liquid ͑LNAPL͒ mass ͑Wiedemeier et al. 1999͒. The BTEX compounds consist as high as 96.7% of the total dissolved mass in the JP-4 fuel at the natural attenuation studies ͑NATS͒ site ͑Brauner and Widdowson 2001͒. The reactive transport model described above was solved using a modified RT3D code ͑Clement 1998͒, which is a generalized multispecies reactive package coupled with the modular transport code MT3D ͑Zheng 1990; Zheng and Wang 1999͒. The flow solution required by the transport model was solved by the MODFLOW code ͑McDonald and Harbaugh 1988͒. Basic setup of this model is summarized below. Interested readers should refer to Lu et al. ͑1999͒ for more details on the model and its calibration.
The model domain is 3,300 ft ͑1,006 m͒ along the regional flow direction, and 1,700 ft ͑518 m͒ transverse to the regional flow direction. The model consists of 30 columns and 20 rows with a grid spacing of 110 by 85 ft ͑34 by 26 m͒. In the vertical dimension, the model consists of a single, unconfined layer. The longitudinal dispersivity is 27 ft ͑8 m͒ with the ratio of transverse to longitudinal dispersivity equal to 0.01. The method of characteristics ͑MOC͒ was used in this study as the transport solver to minimize the numerical dispersion error ͑Zheng and Bennett 2002͒.
Initial and boundary conditions for the model were defined by field data of LNAPL, BTEX, electron acceptors, or reduced products. In accordance with data collected in July-August 1993 and July 1994 ͑Wiedemeier et al. 1995͒, the natural attenuation simulations were conducted for a period of 365 days, from August 1993 to July 1994. To represent the seasonal variation of the LNAPL source, the total simulation time of 365 days was divided into three stress periods of 162, 106, and 97 days, respectively. BTEX from the LNAPL source was modeled using constantconcentration nodes. In the LNAPL source area, the BTEX concentrations were assigned field-measured or interpolated values corresponding to each stress period. This constant-concentration approach to modeling the LNAPL source was intended to reflect the partitioning of the BTEX mass from the source. Consequently, the BTEX mass partitioning into the aquifer is controlled by the concentration gradient, which is in turn affected by the hydraulic conductivity field. The first-order ͓Monod-type͔ biodegradation rate constants, estimated from model calibration by Lu et al. ͑1999͒, are 0.051, 0.031, 0.005, 0.004, and 0.002 day −1 , respectively, for BTEX reactions with dissolved oxygen ͑DO͒, nitrate, ferric iron ͑III͒, sulfate, and carbon dioxide. The degredation rate constants may tend to be correlated with the hydraulic conductivity at a field site, which is discussed by Lu and Zheng ͑2004͒. No sorption was included in the model owing to very low measured total organic carbon contents for the shallow saturated zone ͑Wiedemeier et al. 1995͒. Because the saturated thickness of the unconfined aquifer was very small, flow simulation was vulnerable to a numerical problem that caused many model cells to become "dry" artificially and to be prematurely removed from calculation as the head iterated toward a converged solution. To circumvent this problem, the aquifer was approximated as a confined model layer with the same saturated thickness of the calibrated model of Lu et al. ͑1999͒ in all the new simulations conducted for the Monte Carlo analysis.
Generation of Hydraulic Conductivity Distributions
The hydraulic conductivity in the site is heterogeneous. Measured K values around the BTEX plume area range from 0.13 to 15.98 m / day ͑ln K = −2.03 to 2.77, with a mean of 0.91 and a variance of 2.93͒, based on 10 measurements from five boreholes ͑Wiedemeier et al. 1995͒. The semivariogram of the ln K values around the BTEX plume area in the calibrated model of Lu et al. ͑1999͒ has a variance of 2.4 in the longitudinal direction ͑along rows aligned in regional flow direction in Fig. 1͒ and 1.5 in the transversal direction ͑along columns͒, as shown in Fig.  3 . To quantify the effect of considerable uncertainties in various statistical parameters of the hydraulic conductivity distribution at the Hill AFB site, different combinations of means, variances, and correlation lengths were used to generate multiple, unconditioned K realizations for use in the reactive transport model. The TUBA code ͑Zimmerman and Wilson 1990͒, based on the turning bands technique, was used as the random field generator. The ln K field was assumed to follow a Gaussian semivariogram model. The total dissolved mass of BTEX at the end of each flow and transport simulation run was summed and averaged, and the total number of K realizations required for each Monte Carlo scenario ͑under the same mean, variance, and correlation length͒ was considered adequate when the average mass did not vary significantly with additional simulation runs. For the first analysis ͑base case͒, 120 realizations were determined sufficient. For the second analysis ͑general case͒, a total of 200 realizations were used for each scenario.
In the first analysis ͑base case͒, a single group of 120 K realizations was generated. The mean of ln K used to generate these realizations was 1.7 ͑m / day͒ ͑Ln-scaled͒ corresponding to that of the calibrated model of Lu et al. ͑1999͒. The variance of ln K was set equal to 1.8, based on the semivariograms of the hydraulic conductivity in the BTEX plume area as used in the calibrated model of Lu et al. ͑1999͒. The correlation lengths used in generating the K realizations were assumed to be four times grid spacing, i.e., 440 ft ͑134 m͒ and 340 ft ͑104 m͒ along the column and row directions, respectively. The uncertainty involved in this assumption will be investigated in a subsequent analysis in the general case below. The base case is intended to investigate how the estimated uncertainty in the K field affects the results of the reactive transport model for the study site, for comparison with those of the calibrated model ͑Lu et al. 1999͒.
In the second analysis ͑general case͒, 16 groups of K realizations, each group numbered 200, were generated. Each group has the same ln K mean as that of the base case but with different variances and correlation lengths. The general case is intended to quantify the relationship between the model results and varying degrees of uncertainty in the K field.
Quantification of Plume Characteristics
Flow simulation using MODFLOW and reactive transport simulation using RT3D were conducted for each K realization. At the end of the 1-year simulation period from August 1993 to July 1994, the resulting concentrations of BTEX, DO, nitrate, ferrous iron, sulfate, and methane were combined with porosity and saturated aquifer thickness to obtain the dissolved mass of each species in the aquifer. The configuration of each plume was delineated using the concentration contour line of 0.05 mg/ L as the outer boundary.
The shape of the plume is described using the elongation ratio ͑R e ͒ ͑dimensionless͒, introduced by Schumm ͑1956͒, for stream shapes
where D c = diameter of a circle with the same area as that of the plume, and L = maximum length of the plume along a line approximately parallel or transverse to the regional flow direction. The more elongated the plume is, the smaller the R e value becomes. Another factor used in the analysis is the shape ratio ͑R s ͒ ͑dimensionless͒
where c p = perimeter of the plume. An ideal shape ͑such as a circle͒ has a value of R s = 1. The more irregular the plume shape is, the smaller the R s value becomes. The last factor is the coefficient of skewness ͑dimensionless͒
where y i = location of a cell on the plume perimeter, ȳ = centroid location of a plume area used as the reference ͑with the central line along the BTEX plume in the calibrated model used as the reference axis͒, N = number of model cells making up the plume perimeter, and s = standard deviation of the location values for these model cells. To establish the relationship between the BTEX mass and those of DO, nitrate, ferrous iron, sulfate, and methane, we applied the concept of fuzzy entropy ͑Zadeh 1968͒ to measure the associated uncertainty of the system. Entropy is defined as follows. Let x be a random variable that takes values x = ͕x 1 , . . . ,x i , . . . ,x n ͖, where the subscript i denotes the ith value of the variable, with n being the ͑maximum͒ number of values. Specifically, x i could be a descriptor such as high, medium, or low. The probability for x i taking high value, using BTEX as an example, can be obtained with the division of the number of data within the range of high values by the total number of BTEX data. Denote the probabilities of x as P͑x͒ = ͕P͑x 1 ͒ , . . . , P͑x n ͖͒. Then the entropy of x-or, more properly, the entropy of the distribution P͑x͒ = ͕P͑1͒ , . . . , P͑n͖͒-is given by
where k = number of value categories. If a variable takes ͕high; medium; low͖, k is 3 or ͕high; low͖, k is 2. If the values of a random variable fall within a single category, the entropy is zero, and no further information is required for grouping ͑i.e., all the data values can be classified into one group͒. Membership of individuals ͑random variables͒ is described in terms of either mass or mass differences with respect to the calibrated model. Values for BTEX mass can be classified as ͕high, medium, low͖, and mass difference for DO, nitrate, ferrous iron, sulfate, and methane can be ͕large, medium, small͖, or ͕large, small͖.
Base Case
The total dissolved calculated BTEX mass remaining in the aquifer at the end of the simulation period was used to quantify the behavior of the reactive transport model in response to natural attenuation under uncertainty. The distribution of dissolved BTEX masses for all 120 K realizations with the same mean, variance, and correlation length was assembled as a measure of the uncertainty in model results caused by the uncertainty in hydraulic conductivity. The distributions of other plume characteristics, including elongation and shape ratios, were also evaluated to examine how they are affected by the uncertainty in hydraulic conductivity. Finally, the calculated BTEX mass was statistically related to the consumption of electron acceptors to illustrate the influence of hydraulic conductivity on the multispecies dynamics of the natural attenuation process. Fig. 4 shows the histogram of calculated total dissolved BTEX masses in the aquifer from all 120 transport simulations at the end of the 1-year simulation period. The plot is characteristic of a lognormal distribution. The absolute value of the mass balance errors is in the range of 0.02-5.36% with an average of 1.70%. The calculated mass ranges from a minimum of 12% less than and a maximum of 60% more than that of the previously calibrated model of Lu et al. ͑1999͒. The histogram skews to the left, with a skewness coefficient of 1.34. The average mass is 36.57 kg, or 9.8% larger than 33.30 kg from the calibrated model. This difference suggests that the BTEX mass was underestimated in the calibrated model because the uncertainty in the K field was not considered. The difference between the maximum and minimum of calculated BTEX masses is 24.11 kg, which is 72.4% of the mass in the calibrated model. The standard deviation of calculated BTEX masses is 13.9 kg. Overall, the uncertainty in the K field results in significant uncertainty in modeling natural attenuation of BTEX.
In Table 1 , the range, mean, and standard deviation of calculated masses for BTEX and other species are compared with those of the calibrated model. The values in Table 1 are expressed in terms of the percentage of difference from the corresponding values in the calibrated model of Lu et al. ͑1999͒ . Calculated average masses of electron acceptors, DO, nitrate, and sulfate are less than that of the calibrated model, indicating a higher consumption ͑i.e., they are more depleted, on average, than in the calibrated model͒. Calculated average masses of end products, ferrous iron, and methane, on the other hand, are larger than that of the calibrated model, suggesting that more of them are produced from biodegradation.
The simulated BTEX masses are found to correlate well with plume areas delineated using the 0.05 mg/ L contour line. The larger the plume area is, the higher the BTEX mass becomes ͑Fig. 5͒. The histogram of calculated BTEX plume areas for 120 simu- 4 . Histogram of calculated total dissolved benzene, toluene, ethyl benzene, and xylene ͑BTEX͒ masses remaining in the aquifer at the end of 1-year simulation period for the base case ͑120 realizations͒ lations also follows a lognormal pattern. The average plume area is 85,000 m 2 , 12% larger than that of the calibrated model. The geometric configuration of the simulated BTEX plume is the combined effect of advection, dispersion, and degradation. A closer examination of the plume configuration could reveal useful information on the role of aquifer heterogeneity in affecting the fate and transport of BTEX compounds. For this purpose, several shape descriptors are examined, including longitudinal and transverse elongation and roundness. In the longitudinal direction parallel to the regional flow direction, the average elongation ratio for the 120 simulations has a higher value than that of the calibrated model, indicating that the calculated plumes from the Monte Carlo analysis tend to be shorter than those determined for the calibrated model. Correspondingly the plumes get rounder, based on the proportional correlation between shape ratio with longitudinal elongation ratio ͑Fig. 6͒. However, a more elongated plume ͑indicated by a smaller value of longitudinal elongation ratio͒ generally leads to less BTEX mass in the aquifer. This may be because the less elongated the plume is, the less likely channelization has occurred, and thus BTEX mass is more effectively dissolved into the groundwater and spreads to a wider area. In the transverse direction normal to the regional flow direction, the average elongation ratio for the 120 simulations has a lower value than that of the calibrated model, suggesting that the calculated plumes from the Monte Carlo analysis are generally wider than that of the calibrated model. A wider plume is generally associated with a higher BTEX mass ͑Fig. 7͒.
The shape ratio measures the irregularity of a plume's boundary; a plume of circularlike shape has a shape ratio close to 1. The BTEX plumes resulting from the Monte Carlo simulations have a higher average shape ratio than that of the calibrated model ͑Fig. 8͒, implying that the plumes from the Monte Carlo simulations are overall more circular than that of the calibrated model. This is consistent with the observation ͑based on an analysis of elongation ratios͒ that the calculated plumes for the Monte Carlo analysis are shorter longitudinally but wider transversely than that of the calibrated model. The concept of skewness can be used to quantify the variations in calculated lateral plume displacement caused by variations in the K field. Plume displacement relative to the calibrated model was characterized by the skewness coefficient. The central line along the calibrated BTEX plume ͑parallel to the x axis along the general flow direction͒ was used as the reference. Plumes that skewed to the lower side of the flow field have negative skewness coefficients, corresponding to smaller plume areas; plumes that skewed to the upper side of the flow field have positive skewness coefficients and larger plume areas. A negatively skewed plume tends to have less spreading, while a positively skewed plume tends to be more widely spread ͑Fig. 9͒. The plumes show an asymmetric distribution and are more frequently skewed to the upper half of the flow domain.
The relationship between the calculated BTEX mass and calculated masses of DO, nitrate, sulfate, Fe͑III͒, and methane was characterized using fuzzy entropy ͑Fig. 10͒. The BTEX mass was grouped into three categories: high ͑total BTEX mass ജ37 kg͒, low ͑Ͻ34 kg͒, and medium ͑ജ34 and Ͻ37 kg͒. The three categories for BTEX mass are actual values ͑x 1 , x 2 , x 3 ͒ that the variable x i takes on. The mass of DO, nitrate, ferrous iron, sulfate, and methane was expressed in terms of mass differences relative to the calibrated model. The first feature used for relationship testing is "DO difference" with respect to the calibrated model, which was divided into three categories: large ͑difference ജ100 kg͒, medium ͑ജ30 and Ͻ100 kg͒, and small ͑Ͻ30 kg͒. "NO 3 − difference" was also divided into three categories: large ͑difference ജ90 kg͒, small ͑Ͻ30 kg͒, and medium ͑ജ30 and Ͻ90 kg͒. "Fe 2+ difference" was separated into two categories: large ͑difference ജ100 kg͒ and small ͑Ͻ100 kg͒. In the above classification of BTEX mass and the difference of mass species, the number of data were divided as even as possible in each category. The entropy of the system before testing is 1.524, which is calculated using Eq. ͑12͒ based on the grouping of BTEX in ͕high; medium; low͖. Then the BTEX groups are shuffled based on the DO difference. After the BTEX masses associated with a specific DO class category are grouped together, the entropy for this group of BTEX values is recalculated using Eq. ͑12͒. The entropies in terms of BTEX for all the DO class categories are summed up, and the lowering of entropy from the initial entropy or previous entropy is the gain of information for the current grouping. The information gain by testing DO difference is 1.003, indicating that BTEX can be classified by DO difference.
Further testing of NO 3 − and/or Fe 2+ also yields other significant information. Sulfate and methane were not substantial features for relationship testing because of their low reaction rates and sulfate's high background concentration. The testing result regarding sulfate seems to be different from a sensitivity analysis that sulfate reduction has higher sensitivity with respective to its reaction rate ͑Lu et al. 1999͒. This can be explained by the observation that on a high background concentration level, relatively less variation in sulfate concentration was produced from the corresponding K-field uncertainty, leading to unsubstantial change in BTEX degradation via sulfate reduction. This is consistent with the finding from the sensitivity analysis that indicates sulfate is less sensitive in the lower concentration area ͑in the plume front area͒ ͑Lu et al. 1999͒.
Several generalized rules were constructed from Fig. 10 for the relationship between BTEX mass and DO, NO 3 − , and Fe 2+ . A combination of large DO and NO 3 − mass difference results from a high BTEX mass in the aquifer. A high BTEX mass could also lead to a large DO and Fe 2+ mass difference with a moderate NO 3 − mass difference. A low BTEX mass in the aquifer could end up with small differences of both DO and/or Fe 2+ .
General Case
To quantify how the natural attenuation model responds to varying degrees of uncertainty in the K field, a total of 16 groups of 200 realizations each were generated for a general Monte Carlo analysis. The mean of ln K for all realizations was held the same as that of the base case, while the variance was set to 0.7, 1.4, 1.8, and 2.8 and the correlation length to 0.5, 1.0, 1.5, and 2.0 times that of the base case. Fig. 11 shows the means and variance of the total dissolved BTEX mass remaining in the aquifer with respect to the variance and correlation length of the random K realizations generated for each group. The vertical axis represents the means, and the three-dimensional contour surface represents the variances.
The mean of simulated dissolved BTEX masses remaining in Fig. 9 . Benzene, toluene, ethyl benzene, and xylene ͑BTEX͒ plume area versus coefficient of skewness ͑relative to the central axis, along the flow direction, of the calibrated BTEX plume͒ Fig. 10 . A decision tree for assessing the relationship of the total benzene, toluene, ethyl benzene, and xylene ͑BTEX͒ mass with dissolved oxygen ͑DO͒, NO 3 − , and Fe 2+ in the aquifer the aquifer at the end of the simulation period increases as the K variance increases for any given correlation length, but decreases as the correlation length increases for any given K variance ͑Fig. 11͒. In this analysis, the contaminant source is present throughout the simulation, and the BTEX mass remaining in the aquifer at the end of the simulation period appears linearly proportional to the K variance as shown in Fig. 11 . This is different from the finding by Schafer and Kinzelbach ͑1992͒, who showed that the time to achieve 90% pollutant removal under aerobic degradation increases with the K variance exponentially. This may be attributed to the fact that in their case no source term was present after a fixed amount of contaminant was initially released. Furthermore, the nearly linear relationship between the dissolved BTEX mass and K variance found in this study is the opposite of the conclusion by MacQuarrie and Sudicky ͑1990͒ who showed that the pollutant mass at a certain time is inverse to the K variance. This can be explained by the increase of net BTEX mass in our analysis, i.e., the BTEX mass released from the constantconcentration source exceeds that degraded by sequential degradation reactions. The same reason also supports the finding from this study that the dissolved BTEX mass remaining in the aquifer decreases with the correlation lengths. The findings from this analysis concerning the BTEX mass that remains in the aquifer at the end of the simulation period are applicable to the field situations with a constant LNAPL source, multiple electron-accepting degradation processes, and irregularly shaped initial BTEX and electron acceptor plumes. Thus these findings may not be applicable to other sites with different field conditions.
Summary and Conclusions
A multispecies reactive transport model was developed and calibrated in a previous study ͑Lu et al. 1999͒ to describe the sequential degradation of BTEX utilizing multiple electron acceptors, including oxygen, nitrate, iron, and sulfate, and via methanogenesis, at the Hill AFB site. The model was used in this study to investigate the simulated fate and transport of BTEX compounds under uncertain hydraulic conductivity.
The uncertainty associated with hydraulic conductivity was represented by multiple, equally likely realizations of a random field. The mean of ln K for the generated realizations was set equal to that used in the previously calibrated model ͑Lu et al. 1999͒, and the variance was estimated to be 1.8 based on the semivariograms of the hydraulic conductivity distribution used in the calibrated model. The correlation length was assumed to be four times the grid spacing. Each hydraulic conductivity realization was used to replace the hydraulic conductivity distribution used in the previously calibrated model. The model simulated multispecies transport for 1 year, from August 1993 to July 1994, based on the initial conditions was estimated from the August 1993 data.
The calculated total mass of dissolved BTEX in the aquifer approximates lognormal distribution. The mean value from 120 realizations used in the base case is 36.57 kg, or 9.8% larger than 33.30 kg for the calibrated model. The standard deviation is 4.60 kg with a minimum of 29.32 kg and a maximum of 53.43 kg, yielding a range of 24.11 kg, or 72.4% of the BTEX mass determined for the calibrated model. This suggests that the results in the calibrated model contain considerable uncertainty, caused in turn by uncertainty in the hydraulic conductivity field.
The relationships among BTEX, electron acceptors, and reduced products follow some general trends. More BTEX mass in the aquifer results in either a large depletion of DO and NO 3 − mass or a large depletion of DO and Fe 2+ . A plume with low BTEX mass corresponds to a smaller depletion of DO and Fe 2+ compared to the calibrated model. The shape of the BTEX plume is mainly controlled by longitudinal elongation. A more elongated plume tends to have a narrower transverse width, leading to a "channelization" of the plume. An elongated, or channelized, plume helps BTEX travel farther longitudinally, but it is not favorable for transverse spreading, thus leading to lower BTEX mass in the aquifer. On the other hand, plumes with larger BTEX mass are generally related to those skewed to the upper ͑south-eastern͒ side of the flow field. This is likely the result of a generally lower hydraulic gradient near the lower side of the flow field, caused by a relatively higher elevation near borehole CPT 33 ͑Fig. 1͒.
The variance and correlation length of the random hydraulic conductivity field are varied to investigate their effect on the fate and transport of BTEX and other species. An increase in variance results in a higher average BTEX mass in the aquifer, whereas an increase in correlation length results in a lower average BTEX mass in the aquifer. The results of multispecies reactive transport modeling are clearly affected by varying degrees of heterogeneity and associated uncertainty in the aquifer's physical properties. It is noteworthy that the findings from this study are based on the treatment of the LNAPL source as a time-varying constantconcentration boundary condition, which may approximate the BTEX mass partitioning more realistically than other approaches such as constant mass release from the source.
This study has examined the impact of spatial K variability and associated uncertainty on the fate and transport of BTEX compounds reacting with multiple electron acceptors. This study represents a well-controlled numerical experiment to quantify the complete sequence of BTEX natural attenuation processes at a field site in the presence of uncertain hydraulic conductivity. Although the findings from this study may be applicable only to the field conditions considered in this study, the methodology used and insights gained are of general interest and relevance to other fuel-hydrocarbon natural attenuation sites.
